Abstract Addictive states are often thought to rely on lasting modification of signaling at relevant synapses. A longstanding theory posits that activity at N-methyl-D-aspartate receptors (NMDARs) is a critical component of long-term synaptic plasticity in many brain areas. Indeed, NMDAR signaling has been found to play a role in the etiology of addictive states, in particular, following cocaine exposure. However, no consensus is apparent with respect to the specific effects of cocaine exposure on NMDARs. Part of the difficulty lies in the fact that NMDARs interact extensively with multiple membrane proteins and intracellular signaling cascades. This allows for highly heterogeneous patterns of NMDAR regulation by cocaine in distinct brain regions and at distinct synapses. The picture is further complicated by findings that cocaine effects on NMDARs are sensitive to the behavioral history of cocaine exposure such as the mode of cocaine administration. This review provides a summary of evidence for cocaine-induced changes in NMDAR expression, cocaineinduced alterations in NMDAR function, and cocaine effects on NMDAR control of intracellular signaling cascades.
Introduction
Ionotropic glutamate receptors are a primary mediator of fast excitatory activity in the mammalian brain. A prominent member of this family are N-methyl-D-aspartate receptors (NMDARs) which are expressed widely throughout the brain and are known to be involved in a broad range of cellular responses and functions [1] . NMDARs are assembled as a tetramer of subunits which include GluN1, GluN2A-D, and GluN3A-B. Two GluN1 subunits are obligatory for a functional protein and form a dimer of dimers with two GluN2 or GluN3 subunits [1] . Such di-heteromeric channels are thought to comprise the majority of NMDARs in the central nervous system although recent studies indicate a significant role for the tri-heteromeric subunits assemblies including GluN1/GluN2B/GluN3 [2, 3] , GluN1/ GluN2A/GluN2B [4] [5] [6] [7] [8] , and GluN1/GluN2B/GluN2D [9, 10] . The assembled NMDARs are stabilized at the membrane via their interactions with the membraneassociated guanylate kinase (MAGUK) family of proteins which includes such widely studied members as PSD-95, SAP97, and CASK [11] . NMDA receptor expression and activity can be regulated by phosphorylation at more than a dozen sites located largely at GluN2 subunits [12] .
NMDARs are unique among other ligand-gated ionotropic channels in that their activation depends on a number of coincident events. In addition to binding of the endogenous ligand, glutamate, activation of the NMDA channel requires depolarization of the cell membrane which relieves the voltage-dependent block of the channel pore by Mg 2+ , and the presence of extracellular glycine or D-serine, which act as coagonists at the glycine/D-serine binding site [1] . NMDAR signaling thus involves simultaneous detection of presynaptic release of glutamate, postsynaptic membrane depolarization, and a supply of glycine/D-serine. NMDARs are highly permeable to Ca 2+ in addition to the monovalent cations, Na + and K + , and are in a position to affect a broad range of Ca 2+ -dependent cellular events.
NMDARs are involved in the pathophysiology of cocaine overdose [13] and multiple studies demonstrate that modulating NMDAR function either pharmacologically or by mutagenesis interferes with various aspects of cocaine-associated behaviors. For example, administration of NMDAR antagonists has been shown to reduce cocaine-induced hyperlocomotion [14] [15] [16] [17] , reduce sensitization to locomotor effects of cocaine [18] [19] [20] , and attenuate self-administration of cocaine [21] [22] [23] . Others have reported, however, that administration of NMDAR antagonists facilitates cocaineinduced hyperlocomotion [24] , induces locomotor sensitization in the absence of cocaine [20, [25] [26] [27] , and increases cocaine self-administration [28, 29] . Disruption of NMDAR activity selectively in dopaminergic cells attenuates locomotor-activating effects of cocaine, decreases cocaine preference, and prevents reinstatement of cocaine-seeking [30] [31] [32] . Others show, however, that development of locomotor-activating effects of cocaine recruits exclusively those NMDAR expressed by nondopaminergic cells [33] and that agonists [34] as well as antagonists [35, 36] of NMDARs promote reinstatement of cocaine seeking. Beyond methodological differences, various explanations for such discrepant roles of NMDARs in behavioral correlates of cocaine exposure have been proposed [37] [38] [39] and include: asymptotic dependence of behavioral performance on the dose of an NMDA agonist or antagonist, pharmacological differences between drugs targeting the NMDARs, dynamic interactions between NMDARs in multiple circuits subserving the behavioral response, and interactions between NMDAR and other neurotransmitter systems. An exhaustive treatment of the effects of cocaine on the gamut of systems that could be affected by NMDAR signaling is beyond the scope of this review. Instead, this review focuses on three aspects of cocaine/NMDAR interaction: the effects of cocaine exposure on NMDAR expression levels, cocaine regulation of NMDAR function, and recruitment of NMDAR-dependent intracellular signaling cascades following cocaine presentation.
Cocaine Effects on NMDAR Expression
NAc and VTA Table 1 provides an overview of findings on NMDA receptor expression following cocaine exposure at principal nodes of the mesolimbic dopamine reward circuit thought to mediate the behavioral effects of cocaine [69] . Cocaine-induced changes in NMDAR expression differ between brain areas, but are also highly sensitive to the choice of cocaine administration paradigm and the history of cocaine exposure. This is particularly evident in the nucleus accumbens (NAc), where short withdrawal (3 days or less) from experimenteradministered (noncontingent) cocaine is reported to decrease the NMDAR subunit levels or leave them unchanged [42, 46] , whereas longer periods of withdrawal from noncontingent cocaine is associated with an increase in NMDAR subunit expression [44, 45, 49] . This pattern of decreased to increased expression of NMDARs with abstinence from noncontingent cocaine is different for animals that are trained to selfadminister cocaine. Short withdrawal from self-administered cocaine is associated with no change or an increase in NMDAR expression [52, 53] , although evidence for longer periods of withdrawal is mixed [52, 55] .
In the ventral tegmental area (VTA), a principal source of dopaminergic afferents to the NAc, short and long withdrawal periods from both experimenter and self-administered cocaine are associated with upregulation of GluN1 [40, 47, 52] with some studies reporting no effect of cocaine on NMDAR expression [46, 48] . Although these reports suggest some common themes in regulation of NMDAR subunit expression in the NAc and the VTA, they may not reflect changes in levels of functional NMDARs. Indeed, a radioligand binding study has indicated no differences in binding of 3 H-MK801, a noncompetitive NMDA channel blocker, to the NMDARs in the NAc and the VTA following short and long periods of withdrawal from self-administered cocaine [54] . Overall, among the most consistent findings in the NAc are increases in NMDAR expression following either short withdrawal from cocaine self-administration or long-withdrawal from noncontingently administered cocaine. In the VTA, increases in GluN1 expression have been observed following a variety of cocaine exposure paradigms, most consistently following short withdrawal from noncontingent cocaine.
Dorsal Striatum
Outside of the NAc and the VTA, the evidence for regulation of NMDAR levels by cocaine is often contradictory. Where some studies demonstrate an increase in the NMDAR expression, others find NMDAR levels to decrease following similar paradigms of cocaine exposure. In the striatum, after short periods of withdrawal, lack of changes and decreases in NMDAR subunit expression have been reported [42, 46] . However, one binding study indicates an increase in binding of a competitive high-affinity NMDAR antagonist, 3 H-CGP39653, to the NMDARs [58] . After longer periods of withdrawal from noncontingent cocaine, the pattern of reported changes is further complicated by subunit-specific differences. Thus GluN1 and GluN2A levels have been reported to decrease [47, 59, 60] , while GluN2B levels increase [47, 59] . Results of the binding studies are similarly contradictory: In H-CGP39653 binding increases after 3 days of noncontingent cocaine and 10 days of withdrawal, but does not change after 10 days of noncontingent cocaine and 10 days of withdrawal [58] . 3 H-MK801 binding to the NMDARs does not change after 5 days of noncontingent cocaine and 14 days of withdrawal [61] . Only a handful of reports examine the Self-administered, short withdrawal ↑GluN2A
Rat 10 days/1 h wd (6 h/day) [68] (see text for details)
Self-administered, long withdrawal ↓GluN2B, ↑GluN1, ↔GluN2A, 2B Rat 10 days/30 days wd (6 h/day) [68] (see text for details)
Tissue levels of NMDAR protein or mRNA were examined unless otherwise indicated. Arrows indicate no change (↔), an increase (↑), or a decrease (↓) in subunit expression or receptor binding. Changes were considered significant when reported with P<0.05. wd withdrawal effects of self-administered cocaine on NMDAR expression in dorsal striatum with one finding no effects of selfadministration on 3 H-MK801 binding [54] and one reporting an increase in GluN1 expression immediately following 21 days of cocaine self-administration [43] . In summary, cocaine has been most frequently reported to lack an effect on NMDAR subunit expression and radioligand binding in dorsal striatum, although both decreases and increases in these metrics of NMDAR content have also been observed in this area.
Prefrontal Cortex
In the prefrontal cortex (PFC), short periods of withdrawal from noncontingently administered cocaine have been reported to lead to both decreases [42, 64, 65] and increases [47, 63] in NMDAR subunit expression and NMDAR binding of radioactive ligands. A few studies report no changes in subunit expression and NMDAR binding under similar experimental conditions [43, 58] . After longer periods of withdrawal, some evidence appears to suggest an increase in NMDAR expression [47, 65] , although others fail to find significant differences in either the NMDAR subunit expression or NMDAR binding of radioactive ligands [51, 58, 66] . Evidence for the effects of self-administered cocaine in the PFC is scarce and mixed. One study reports that self-administered cocaine increases GluN1 expression [43] while another finds a decrease in H-CGP39653 binding has been reported to increase after both short and long periods of withdrawal from noncontingent cocaine [58] . However, the increase in binding at longer intervals of withdrawal was only observed in rats exposed to cocaine for 10 but not 3 days. One study presents evidence for subunit specific differences, finding an increase in GluN2B, but no difference in GluN1 levels following 17 days of withdrawal from experimenteradministered cocaine [51] . These NMDAR binding and NMDAR subunit expression experiments do not differentiate between hippocampal subfields. However, a substantive literature now suggests that hippocampal subregions play distinct roles in regulating a variety of cognitive processes including those underlying cocaine-seeking behaviors [70] [71] [72] . A detailed look at NMDAR expression, particularly, within dorsal and ventral hippocampal fields, may reveal a more consistent pattern of NMDAR regulation by cocaine. In the meantime, the few studies that did examine hippocampal levels of NMDARs following cocaine exposure do not present a consistent pattern of results.
Amygdala
Different amygdalar nuclei have also been argued to play distinct roles in motivated behaviors [73] . One report examined the expression of GluN1, GluN2A, and GluN2B subunits in the amygdala following 1 or 30 days of withdrawal from cocaine self-administration [68] . In basolateral amygdala, GluN2A levels were found to increase with no change in levels of other subunits following 1 day of withdrawal from cocaine. However, at 30 days of withdrawal, a decrease in GluN2B expression was observed in basolateral amygdala with no change in the expression of other subunits. In central amygdala, an increase in GluN1 levels was observed at 30 days of withdrawal from self-administered cocaine. Other studies that did not differentiate between the amygdalar nuclei have found that cocaine exposure increases the expression of GluN1 and GluN2B subunits and increases 3 H-CGP39653 binding following both short and long intervals of withdrawal from noncontingently administered cocaine [58, 67] . As in the hippocampus, such a limited number of studies utilizing different exposure paradigms does not allow for a conclusive picture of cocaine effects on NMDAR expression. However, unlike in the hippocampus where the results are mixed, analyses in the amygdala generally observe an increase in NMDAR subunit expression and radioligand binding except following long withdrawal from cocaine self-administration, where the picture is complicated by differences in regulation of distinct NMDAR subunits.
In summary, these studies indicate that cocaine exposure does not affect NMDAR expression solely through its pharmacological effects in various structures of the mesolimbic pathway. The effects of cocaine exposure are sensitive to cocaine history that includes the mode of cocaine administration as well as duration of withdrawal from cocaine. Other aspects of cocaine exposure, such as whether or not extinction training instead of passive withdrawal from cocaine is present, have also been shown to influence NMDAR expression [43, 57] . Overall, the most consistent, albeit not unequivocal, reports of the pattern of NMDAR changes following cocaine have been in the NAc and the VTA. Notably, the increase of GluN1 expression reported by multiple laboratories to occur in the VTA mirrors the findings in postmortem tissue from human cocaine addicts [74] . Unfortunately, robust conclusions of the cocaine effects on NMDAR expression in mesolimbic structures other than the NAc and the VTA are more difficult to make.
Cocaine Effects on NMDAR Function

Contribution of NMDARs to Excitatory Synaptic Efficacy
Sensitivity of synaptic responses to behavioral history of cocaine exposure has been demonstrated by a number of studies. For example, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/NMDA receptor-mediated current ratio, a measure of relative synaptic strength, has been reported to increase in the VTA and in the bed nucleus of stria terminalis following self-administered, but not experimenteradministered cocaine [75, 76] . The increase in the VTA was observed 7 days after the last cocaine self-administration session [75] and in the bed nucleus of stria terminalis-1 day after the last session [76] . Interestingly, the AMPA/NMDA ration remained elevated in the VTA for up to 90 days of withdrawal from cocaine self-administration [75] . The increase in the AMPA/NMDA ratio has also been observed in the NAc following short withdrawal from experimenter-administered [77, 78] and long withdrawal from self-administered [79, 80] cocaine. Some of these studies provide evidence that duration of withdrawal from cocaine is a critical determinant of changes in the AMPA/NMDA ratio [78, 79] . In the VTA, antagonists at GluN2A-and GluN2B-containing NMDARs have been shown to block the increase in the AMPA/NMDA ratio by cocaine [81] . However, in both the VTA and the NAc, the expression of the AMPA/NMDA ratio increase is driven by the AMPA receptor-mediated rather than the NMDAR-mediated component [78, 82, 83] . Indeed, the NMDA-induced firing [84] and whole-cell NMDARmediated currents are not different following cocaine treatment [53, 56, 82, 83] . The lack of changes in whole-cell NMDAR-mediated currents suggests that the number of functional NMDARs at the cell membrane is not affected by cocaine exposure. These findings lend support to the lack of effect of cocaine treatment on 
NMDAR Subunit Composition
There is some electrophysiological evidence that cocaine precipitates changes in NMDAR subunit composition, rather than affecting the overall number of NMDARs. Thus, Britt et al. [85] found that exposure to noncontingently administered cocaine followed by 10-14 days of withdrawal alters the current-voltage relationship of NMDAR-mediated responses specifically at hippocampal afferents to the medium spiny neurons of the NAc. The shape of the current-voltage relationship prior to the cocaine treatment suggested the presence of NMDAR subunits relatively less sensitive to Mg 2+ blockade. These receptors were no longer observed following the cocaine treatment. Low Mg 2+ -ion sensitivity is a feature of GluN2C-, GluN2D-, and GluN3-containing NMDARs [3, 86, 87] . The expression of GluN2C and GluN2D subunits has not been detected in the medium spiny neurons of the NAc, although a population of larger, presumably cholinergic, neurons throughout the striatum are strongly immunoreactive for the GluN2D subunit [88] . GluN3B is, however, ubiquitously expressed in the NAc [89] and could be the subunit targeted for removal from hippocampal synapses onto NAc neurons following cocaine exposure. Interestingly, an interaction between cocaine and GluN3-containing NMDARs has been recently highlighted at dopaminergic cells of the VTA [90] . This study found that a single injection of cocaine increases synaptic incorporation of GluN3A. In addition to low sensitivity to Mg 2+ , GluN3A-containing NMDARs have been shown to display reduced Ca 2+ permeability [3] . However, Yuan et al. [90] found that the amplitude of synaptic Ca 2+ transients remains intact following cocaine treatment, despite upregulation of GluN3A. The study implied that this effect may be due to increased signaling via the Ca 2+ -permeable AMPA receptors. Such homeostatic regulation of synaptic Ca 2+ flux may explain why downregulating the VTA levels of GluN3A in this study did not affect cocaine-induced locomotion or cocaine-conditioned place preference. Together, the results of these reports suggest that cocaine experience induces an input-specific downregulation of Mg 2+ -insensitive NMDARs of undefined subunit composition in the NAc cells and a broader, presumably input-independent, upregulation of Mg 2+ -insensitive GluN3A-containing NMDARs in dopaminergic neurons of the VTA.
Some electrophysiological studies have suggested that noncontingent cocaine treatment upregulates levels of GluN2B-containing NMDAR in the NAc, 24-48 h following the last cocaine injection [91, 92] . Increase in GluN2B-containing NMDARs has been inferred from increased sensitivity to the GluN2B antagonists and longer decay kinetics of the NMDAR-mediated currents. Such an increase has been argued to occur selectively at the so-called "silent synapses," synapses newly generated in response to cocaine and containing NMDARs, but not AMPA receptors [91, 92] . Silent synapses have been proposed to represent a critical site for synaptic plasticity events presumed to encode environmental information [93, 94] . Cocaine-induced increase of GluN2B at these synapses may identify sites that are unique to the cocaine experience, and it can be speculated that targeting such sites will disrupt the molecular "memory" of cocaine experience with single-synapse specificity. However, in animals trained to self-administer cocaine, we have failed to see an increase in silent synapses in the NAc at 24 h following the last self-administration session (unpublished data). Furthermore, despite an increase in expression of GluN2B protein following self-administration training, the sensitivity of NMDAR-mediated currents to GluN2B antagonist, Ro 25-6981, was equivalent between control and cocaineexperienced animals [53] . Although we did observe an increase in decay kinetics of NMDAR-mediated spontaneous synaptic currents, this was seen following blockade of glutamate reuptake transporters which facilitates the diffusion of released glutamate to extrasynaptic sites [53] . We proposed that cocaine self-administration followed by a 24 h withdrawal period may trigger redistribution of synaptic NMDARs to extrasynaptic sites without changes in NMDAR subunit composition.
NMDAR Coupling to Dopamine Receptor Signaling
Since inhibition of dopamine reuptake and the resultant increase in dopaminergic transmission are considered critical for the etiology of an addicted state [95] , the link between cocaine addiction and NMDAR function must be considered in the context of dopamine receptor activation. Acute application of the dopamine D1 receptor (D1DR), but not dopamine D2 receptor (D2DR), agonists potentiates NMDAR-mediated currents in striatal and NAc neurons [96] [97] [98] [99] [100] ; but see [101] . This effect of D1DR agonists has been reported to involve Ca 2+ -channels based on the finding that application of L-type Ca 2+ -channel antagonists strongly attenuates D1DR modulation of NMDAR currents [97] . In addition to such acute effects of D1DR agonists, D1DR stimulation appears to elicit a delayed effect on NMDARs function. Thus, in the VTA, NMDAR-mediated currents are potentiated 10-20 min following, but not during, D1DR activation in a protein kinase A (PKA)-dependent manner [102] . A similar effect of cocaine has recently been reported to require a downregulation in D2DR signaling [103] . A delayed onset enhancement of NMDAR currents by D1DRs has also been observed in the CA1 pyramidal cells of the hippocampus and was found to rely on NMDAR-independent increase in intracellular Ca 2+ [104] . Interestingly, in the NAc, synaptic and whole-cell NMDAR responses, while facilitated during the D1DR stimulation, are suppressed 1-2 h following the stimulation [53] . These results suggest that D1DRs dynamically regulate NMDAR function and that the manner of regulation may depend on the brain area examined and on duration of exposure to a D1DR agonist.
To summarize, cocaine exposure affects NMDAR function via a complex network of effects. Cocaine alters the subunit composition of NMDARs at the cell surface, regulates synaptic targeting of NMDAR, and modulates the crosstalk between the NMDARs and the D1DRs. The concluding section examines the NMDAR interaction with D1DRs from the perspective of intracellular targets engaged by coactivation of these receptors.
Intracellular Targets of NMDAR/D1DR Coactivation
Synergistic Effects of NMDAR/D1DR Signaling on MAPK/ERK Cascade Dopamine receptor signaling following cocaine exposure has been extensively studied with a broad consensus on the importance of D1DR-activated intracellular cascades in various phases of cocaine addiction [105] [106] [107] . D1DRs activation leads to stimulation of adenylyl cyclase activity, prototypic of G s -protein-coupled receptors, production of cyclic adenosine monophosphate (cAMP) and activation of the cAMP-dependent protein kinase (PKA; [108] ). PKA acts on two major intracellular pathways: DARPP-32 and the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) cascades. Disruption of either the DARPP-32 or the MAPK/ERK signaling has been shown to interfere with behavioral effects of cocaine exposure [109] [110] [111] [112] [113] . The DARPP-32 cascade has been implicated in mediating the enhancement of NMDAR currents by D1DR agonists [99] , although some have attributed this effect to PKC signaling [98, 114] . Interestingly, Sarantis et al. [115] show that although NMDA and D1 receptor agonists each increase the phosphorylation of DARPP-32 in striatal slices, coactivation of NMDARs and D1DRs does not lead to a further increase in DARPP-32 phosphorylation. Coactivation of NMDARs and D1DRs does, however, increase the levels of phosphorylated ERK1/2 beyond the levels achieved by NMDAR or D1DR stimulation alone. Synergistic effects of D1DR and NMDAR activation thus appear to involve the MAPK/ERK pathway and not the DARPP-32 pathway. The intracellular mechanisms leading to such a synergistic effect may require phosphorylation of the GluN2B subunit by a Src family kinase and involve activation of protein phosphatase 2B (calcineurin) by NMDAR-derived Ca 2+ [116, 117] . Calcineurin has been shown to dephosphorylate DARPP-32, terminating the D1/PKA/DARPP-32 signaling and potentially biasing the D1DR signaling toward the MAPK/ERK-mediated effects [118] [119] [120] . The cascade of intracellular events triggered by D1DR/NMDAR coactivation is summarized in Fig. 1 .
Activation of ERK by Cocaine
Cocaine exposure is known to increase ERK phosphorylation, an effect that requires activation of both the NMDAR and D1DRs [111, 115, [121] [122] [123] [124] . Blockade of D2DR signaling does not interfere with cocaine activation of ERK [111] , while disruption of D3 receptor signaling in a D3 knock-out mouse has been shown to potentiate cocaine-induced phosphorylation of ERK [122] . The latter suggests that D3 receptor signaling plays an inhibitory role with respect to ERK activation by cocaine. Given that discrete populations of striatal neuron subtypes are enriched in D1 (striatonigral neurons) and D2 (striatopallidal neurons) dopamine receptor subtypes, it is of further import that ERK phosphorylation in response to cocaine has been observed to occur in a cell-type specific manner. Multiple studies now report that exposure to cocaine increases ERK phosphorylation selectively in D1DRs of the dorsal striatum and NAc [125] [126] [127] . Transcriptional Consequences of ERK Activation
The MAPK/ERK cascade leads to activation of cAMP response element-binding protein and a number of other gene transcription pathways prominently implicated in learning and memory [128] . Activation of the ERK pathway by synergistic action of NMDARs and D1DRs may critically contribute to neuroadaptations precipitated by exposure to cocaine. Thus, transcription of the immediate early gene c-fos that has been suggested to identify neuronal pools selectively activated by cocaine exposure [129, 130] may be dependent on ERK signaling and may be attenuated by D1DR and NMDAR blockade [131, 121, 124] . Activation of the MAPK/ERK pathway has also been found to influence NMDAR subunit composition [132] [133] [134] . Moreover, a number of reports point to a link between the MAPK/ERK pathway activation and synaptic location of activated NMDARs. Synaptic NMDARs facilitate the induction of MAPK/ERK signaling, while activation of extrasynaptic NMDARs opposes such induction [135] [136] [137] 138] . Interestingly, an increase in activity of glutamate reuptake transporters observed following cocaine self-administration [53] may promote MAPK/ERK activation by restricting glutamate signaling to synaptically located NMDARs [137] .
Conclusions
NMDAR response to cocaine is characterized by alterations in NMDAR subunit composition, synaptic redistribution of the assembled protein, differences in protein expression levels, and altered coupling of NMDARs to D1DR-mediated signals. These effects appear to be strongly regulated by the behavioral history of cocaine exposure including the mode and duration of cocaine administration and duration and nature of the withdrawal period (i.e., passive withdrawal or extinction). In addition, cocaine promotes NMDAR-dependent activation of transcriptional cascades that may, among other effects, provide feedback control over NMDAR expression and function. The heterogeneity of NMDAR responses may represent the triggers for a broad spectrum of neuroadaptations associated with cocaine exposure. Unraveling the relative importance of these neuroadaptations and the precise mechanisms by which the NMDAR contribute to their development may yield unprecedented control over cocaine-induced neuroplasticity and ultimately addictive behavior. 
